Abstract: Light sensitive rhabdoms in the octopus retina increase in cross-sectional area in the dark and shrink in the light. Growth in the dark is due to the formation of microvilli in an avillar region of the photoreceptor cell membrane and lengthening of rhabdomere microvilli already present. Diminution in the light is the result of the disassembly and shortening of the same microvilli. Each microvillus contains an actin filament core that must be assembled or disassembled in the dark or light, respectively. To understand the regulation of the construction and breakdown of rhabdomere microvilli in the light and dark, we used centrifugation to separate the rhabdom membranes followed by Western blotting and Rho pull-down assays to investigate the role of Rho GTPases in this process. Western blotting showed a difference in the distribution of Rho in rhabdom membrane and supernatant fractions. In the light, Rho was mostly present in the supernatant but in the dark it was found in the fraction enriched with rhabdom membranes. Complementing these results, pull-down assays showed that Rho is activated in the dark but in the light, Rho is mostly inactive. We believe that in the dark, activated Rho binds to the rhabdom membrane and initiates signaling pathways, leading to growth of rhabdomere microvilli. In the light, Rho is present in the soluble fraction, is inactivated, and is likely bound to a Rho GDI. Receptors involved in the activation of Rho in the dark are undetermined and may involve rhodopsin or another membrane protein.
The cytoskeleton, consisting of microtubules, microfilaments, and intermediate filaments, is a three-dimensional infrastructure within cells responsible for a myriad of functions, including cell movement, cytokinesis, and organization of the cytoplasm. At any particular point in the cell cycle, the cytoskeleton has a unique architecture, which can undergo rapid reorganization in response to environmental or internal signals. Microtubules and microfilaments, composed of tubulin and actin subunits, respectively, generally reorganize by the addition or subtraction of their respective protein subunits, leading to lengthening or shortening of the tubules or filaments and consequent changes in cell shape or movement (Maekawa et al. 1999) . Intricate signaling cascades activated in response to environmental or internal cues trigger these changes in cytoskeletal organization and are regulated by the Ras superfamily of small GTPases, including the Rho family GTPases (Ridley 2001, Raftopoulou and Hall 2004) .
The Rho family GTPases, which currently includes 22 members such as the well known Rho, Rac, and Cdc42, shuttle between an active GTP-bound state and an inactive GDP-bound state (Takai et al. 1995 , 2001 , Hall 1998 , 2005 , Ridley 2001 , 2006 , Wheeler and Ridley 2004 . In the activated state, Rho GTPases interact with specific downstream kinases that affect the state of actin polymerization. Rho and Rac indirectly affect actin polymerization by targeting ROCK (Rho-associated serine-threonine protein kinases) or Pak 1 (p21-activated kinase) that in turn activate LIM kinase 1 or 2 (LIM motif containing kinase). LIM kinases phosphorylate and inactivate actin binding/filament severing proteins, such as cofilin, which leads to an increase in actin polymerization (Naruyima et al. 1997 , Arber et al. 1998 , Maekawa et al. 1999 , Sumi et al. 1999 , Ohashi et al. 2000 , Ridley 2006 ).
Photoreceptors of vertebrate and invertebrate retinas contain cytoskeletons that reorganize in the light and dark and may be regulated by the Rho family of GTPases (Miller et al. 2005 ). This reorganization is necessary to achieve maximum absorption of light by the photoreceptors by either increasing the membrane area containing the photopigment rhodopsin or a mechanical re-orientation of the photoreceptors so the light sensitive area sits more advantageously in light path, such as occurs in teleosts (Ali 1975) . In either case, the cytoskeleton is involved in membrane growth or re-orienting the cell but the mechanisms leading to these changes are not well understood in any photoreceptor.
The octopus retina can serve as a model system to dissect these mechanisms since the photoreceptors of octopus species are large and only two cell types are present in the retina, photoreceptors and supportive cells, facilitating microscopic and biochemical studies. In Octopus bimaculoides (Pickford and McConnaughey, 1949) , distinct changes in photoreceptor shape occur in the light and dark and may be directly attributable to changes in the organization of the cytoskeleton. Torres et al. (1997) compared the relative cross-sectional area of light-and dark-adapted rhabdoms, the light sensitive region of the cell, and outer segment core cytoplasm and found that the rhabdoms of light-adapted photoreceptors are reduced in cross-sectional area when compared to those maintained in the dark. Electron microscopy showed that the rhabdomeric microvilli in lightadapted rhabdoms partially disappeared, leaving behind an avillar membrane connecting the microvilli on opposite sides of the rhabdoms. In the dark, this avillar membrane was replaced with additional microvilli making the rhabdoms larger.
The biochemical mechanisms leading to increased microvillar formation in the dark and diminution in the light are not well understood. Miller et al. (2005) studied the presence of Rho GTPases in octopus retinas. Immunoblot analyses of whole retinal extracts confirmed the presence of Rho in light-and dark-adapted retinas and confocal microscopy localized Rho in the rhabdoms and showed its colocalization with actin.
The presence of Rho in the rhabdom suggests that it is involved in a signaling transduction pathway leading to rhabdom changes in the light and dark. If Rho were activated in the dark, it could indirectly inactivate the filament severing protein cofilin leading to rhabdom growth. To test this hypothesis we have performed detailed immunoblot analyses on isolated rhabdom compartments and Rho-GTP pulldown assays on light-and dark-adapted octopus retina tissue. Our work will lead to a better understanding of mechanisms leading to retinal changes in the dark and light in octopus species which affect their ability to absorb light. Furthermore, understanding cytoskeletal dynamics are important for all species and may lead to understanding specific types of retinal degeneration in humans attributed to cytoskeletal protein mutations such as Usher syndrome type 1B (Weil et al. 1995) .
MATERIALS AND METHODS

Eye structure
Eye tissue was prepared for microscopic observations according to previously published methods and immunostained with antibodies to rhodopsin (Robles et al. 1995) . Micrographs were made using an Olympus Vanox or BX461 fluorescence microscope.
Rho immunoblots
Adult specimens of Octopus bimaculoides were dark-or light-adapted for 2-3 hours. Afterwards they were anesthetized on ice, whole eye cups removed, and the sclera and lenses discarded. To isolate the rhabdom compartment from the remaining retinal tissue, we used previously described centrifugation procedures (Robles et al. 1984) . These centrifugation experiments were repeated five times using a total of 20 octopuses per lighting condition. Results were consistent throughout each experiment.
Equal amounts of total protein supernatant from the first centrifugation, crude membrane pellet, and final pellet were diluted 1:1 with Laemmli reducing buffer (Bio-Rad Laboratories, Inc., Hercules, California), boiled for 5 minutes, and electrophoresed on 12% sodium dodecylsulfate polyacrylamide gels (SDS-PAGE) at 100V for 2-3 hours (Laemmli 1970) . The proteins were blotted onto polyvinyldifluoride (PVDF) or nitrocellulose membranes and incubated overnight in 2.5% blocking solution (non-fat dry milk and gelatin in phosphate buffer saline [137mM NaCl, 2.7mM KCl, 4.3mM Na 2 HPO 4 , 1.4mM KH 2 PO 4 0.1% Tween-20] Bio-Rad). The membranes were incubated overnight with polyclonal rabbit anti-Rho (-A-B-C) (1:1000 and 1:500, Upstate Cell Signaling Solutions) either overnight at 4°C or for one hour at room temperature, followed by incubation with AP-GAR secondary antibodies (1:3000, Bio-Rad) for two hours at room temperature. All antibodies were diluted in PBST-BSA (Bio-Rad). An Opti-4CN Substrate kit (Bio-Rad) was used for colorimetric band detection, and the Bio-Rad VersaDoc™ 3000 imaging system was used for molecular weight analyses. Quantitative analysis of Rho concentrations in dark-and light-adapted octopus retinal fractions was obtained via densitometric analysis using the Quantity One 1-D Analysis software on the VersaDoc™.
Rho activation
At the end of light-or dark-adaptation, the eye cups from one octopus in each lighting condition were dissected to use as controls. The remaining octopuses were moved to the opposite lighting condition and sacrificed at 5, 15, 30, 45, and 60 minute time points. The preparation of retinal lysates from the controls and the time points was carried out using a dry ice-ethanol bath to snap freeze the tissue. Whole eye cups were removed and placed into a Petri dish in the dry ice-ethanol bath. Retinal tissue was liberated from the eye cups and added to 0.5 mL of cell lysis buffer (50mM Tris-HCL pH 7.4; 1% NP-40; 0.25% sodium deoxycholate; 150 mM NaCl; 1 mM EDTA; 1 mM PMSF; 1 μg/mL each Aproptinin, Leupeptin, Pepstatin; 1mM Na 3 VO 4 ; 1 mM NaF) and homogenized. Samples were clarified using centrifugation for 5 minutes, 4°C at 8,000 rpm and Rho acti-vation assayed using the Rho Activation Biochem Kit (Cytoskeleton, Inc.). Supernatants were collected and pellets were discarded. Positive and negative controls were processed by adding a 1:10 volume of loading buffer. A nonhydrolyzable form of GTP (GTP␥S) was added to the mixture in a 1:100 volume to a final concentration of 200 μM. This positive control sample was incubated for 15 minutes at 30°C. The reaction was stopped by transferring the tube to 4°C and adding a 1:10 volume of stop buffer. The same processing was carried out for the negative control, substituting GDP for GTP␥S.
The supernatants and controls were added to 60 μl aliquots of GST tagged Rhotekin-RBD beads. Each reaction tube was incubated for one hour at 4°C with gentle agitation. Next, the supernatant was removed and the pellet was rinsed with 500 μL 1X lysis buffer. The beads were pelleted at 5,000 g for 3 minutes at 4°C. The supernatant was removed again and the pellet washed in 500 μL 1X wash buffer. Again, the mixture was centrifuged at 5,000 g for 3 minutes at 4°C. The pellet was resuspended in a 3:1 ratio with Laemmli reducing buffer, boiled 5 minutes, and subjected to 15% SDS-PAGE at 120V for 2 hours.
The proteins were blotted onto nitrocellulose membranes and incubated for 45 minutes to one hour in SuperBlock + 0.05% Tween (Pierce) with gentle agitation. The membranes were incubated for one hour at room temperature or overnight at 4°C with RhoA monoclonal antibody (1:500, Cytoskeleton) and for one hour at room temperature with HRP-GAM secondary antibody (1:20,000-1:50.000, Pierce ImmunoPure Peroxidase Conjugated GAM IgG(H+L)) at room temperature. All antibodies were diluted in TBS-Tween. The Pierce SuperSignal West Pico Chemiluminescent Substrate Kit was used for chemiluminescent detection. All blots were developed and visualized with the Bio-Rad VersaDoc™ imaging system. Quantitative analysis of the RhoA activation blots was performed using the Quantity One 1-D Analysis software previously described.
RESULTS
Eye structure
The octopus eye is similar in its external appearance to other camera-like eyes. The slit-shaped iris permits light to pass through the spherical lens and focus on the retina at the back of the eye (Figs. 1A-E) . The light sensitive retina of Octopus bimaculoides, as well as those of other octopus species, consists of a layer of photoreceptors and supportive cells (Fig. 1C) . Optic nerves exit the photoreceptors at their base, form bundles, and extend to the optic ganglia where they synapse on ganglion cells. The photoreceptors span the entire retina and are compartmentalized into the inner segments, a middle region which passes through the pigment/ supportive cell layer, and the rhabdoms. The inner segments contain the biosynthetic machinery of the photoreceptor as well as organelles called myeloid bodies which store a second photopigment retinochrome. The photoreceptors narrow above the myeloid body region and pass between the supportive cells giving rise to the outer segments and rhabdoms. The outer segments consist of a cytoplasmic core and two sets of microvilli on opposite sides of the core which run from the base of the outer segments to their tips. These microvilli are called rhabdomeres, and rhabdomeres from four adjacent cells point toward each other to form the rhabdoms (Figs. 1D-E, see inset on 1E). The membrane of each rhabdomere microvillus contains rhodopsin and signal transduction proteins necessary to process the visual signal after light absorption by rhodopsin as well as a core of actin filaments and accessory proteins (Robles et al. 1995 , De Velasco et al. 1999 . As mentioned, the rhabdoms increase in size in the dark, by the addition and lengthening of the rhabdomere microvilli, and decrease in the light by the disassembly and shortening of the same microvilli (Torres et al. 1997) .
Rho localization
Rhabdoms are easily separated from the rest of the retina using centrifugation techniques (see Materials and Methods). The rhabdom membranes can be separated from the outer segment cytoplasm using sucrose solutions and higher speed centrifugation. We obtained rhabdom membrane and supernatant (cytoplasm) fractions from light-and dark-adapted retinal homogenates of Octopus bimaculoides and performed immunoblot analyses on the rhabdom membrane enriched and supernatant fractions. We identified Rho GTPase in rhabdom membrane fractions and supernatants of light-and dark-adapted animals.
In homogenates obtained from light-adapted animals, faint Rho bands were visible in the crude and final enriched rhabdom membrane pellets, but a strong signal was detected in the supernatant after incubation with polyclonal antiRho-A-B-C (Fig. 2, lanes 3-5) . In dark-adapted animals, bands are present in the crude and final rhabdom membrane pellet, but only a faint band is visible in the supernatant (Fig.  2, lanes 6-8) . Control Rho (Fig. 2, lane 2, double asterisk) is His-tagged (Cytoskeleton, Inc.) and runs at 25 kDa compared to the endogenous Rho in our samples with a molecular weight of approximately 21 kDa. These results were consistent throughout repeated experiments. Background bands are likely due to non-specific binding and insufficient blocking of membrane before overnight incubation with anti-Rho to intensify the bands.
Quantitative analysis of Rho concentrations (adjusted percent volumes) on the blots reveal that Rho is approx. 10-fold more abundant in the light-adapted supernatant fractions (Fig. 3, lane 4) than in rhabdom membrane fractions (Fig. 3, lanes 3, 5) of light-adapted retinas. Rho appears Fig. 2. most abundant in the rhabdom membrane fractions (Fig. 3,  lanes 6, 8) than in the supernatant fractions (Fig. 3, lane 7) of dark-adapted retinas.
Rho activation
Rho pull-down assays were performed (Cytoskeleton, Inc.) to determine if Rho was activated in the light, dark, or in both lighting conditions and when the activation reaches its peak. After light-or darkadaptation, octopuses were moved to the opposing lighting condition and sacrificed at 5, 15, 30, 45, and 60-minute time points. Pull-down assays performed at each time point confirmed the presence or absence of endogenous Rho-GTP with a molecular weight of approximately 20-21 kDa in dark to light or light to dark animals (Figs. 4, 6A-B) . In addition to the His-tagged RhoA protein control (Cytoskeleton, Inc.) having a molecular weight of approx. 25-27 kDa, positive and negative controls included GTP␥S and GDP loaded samples, respectively. Light-and dark-adapted GTP␥S samples revealed the presence of activated RhoA while GDPloaded samples showed little or no activated RhoA (Fig. 4,  lanes 4, 5; Fig. 6A, lanes 3, 4) . We also included whole cell lysates from light-adapted or dark-adapted animals to compare the activated RhoA signal with that of the total native RhoA (active and inactive) signal (Fig. 4, lane 3; Fig.  6, lanes 6, 7) .
Light to dark
In animals that were light-adapted and then moved to the dark, Western blot analysis of pull-down products with anti-RhoA confirmed the presence of Rho-GTP at the 5, 15, 30, 45, and 60-minute time points, with peak activation at 30 and 45 minutes (Fig. 4, lanes 6-10) . Rho is also present in the whole cell lysates and GTP␥S control as expected (Fig. 4,  lanes 3, 4) . The GDP control (Fig. 4 , lane 5) was negative except for a band at a very low molecular weight, possibly resulting from proteolysis of which the identity has not yet been determined.
Quantitative analysis of the light to dark blot revealed that the increase in activated RhoA is approx. 2-fold greater at 30 and 45 minutes after light-adapted retinas are moved to the dark (Fig. 5, lanes 6-10) .
Dark to light
In animals that were dark-adapted and then moved to the light, Rho-GTP was detected faintly at 15 and 30 minutes but was more prominent after 45 minutes in the light (Fig. 6, lanes 9-13) . Quantitative analysis of the dark to light blot revealed that RhoA is activated at much lower levels after 15, 30, and 45 minutes of light exposure (Fig. 7 , lanes 9-13) when compared to retinas that were light-adapted and moved to the dark (Figs. 4, 5) .
The increased background and non-specific binding seen (Fig. 4) are attributed to overnight incubation with primary antibody at 4°C to increase the Rho signal on the blots. Also, there is an increase in the number of bands above the targeted Rho protein band in Fig. 6B : the globular bands above 24-25 kDa are because of dimerization of the Rho protein with the Rhotekin beads used in the pull-down assay.
DISCUSSION
We previously reported the immunocytochemical localization of Rho in the rhabdom compartment of photoreceptors from Octopus bimaculoides (Miller et al. 2005) . Rho, as well as actin, were present along the length of the rhabdomere and suggested that the Rho GTPases were candidates for the regulation of rhabdomere growth and diminution in the dark and light, respectively. Rho is present in the rhabdoms of light-and dark-adapted O. bimaculoides (Fig. 8 A-E) . Using biochemical methods to localize Rho in the membrane fraction and pulldown assays to demonstrate Rho activation after light-dark-adaptation, the results reported here expand our earlier studies showing the presence of Rho in specific regions of the rhabdom and its activation in the dark or light.
The centrifugation techniques we used separate the rhabdom membranes from other retinal components and then further divide the compartment into membrane and soluble fractions (Robles et al. 1984) . In tissue obtained from light-adapted animals, Western blotting showed that Rho was enriched in the supernatant and very little was found associated with the membranes. In the dark, Rho was mostly associated with the membrane fraction and little was found in the soluble fraction (Figs. 2-3) .
Pull-down assays are used to confirm the presence or absence of a specific protein and are similar to an affinitybinding column. Specifically, Rho pull-down assays are designed to show the presence or absence of GTP-bound Rho in the tissue sample. Our assays on retinal homogenates from light-and dark-adapted Octopus bimaculoides showed that RhoA is mostly activated in membranes obtained from animals in the dark, with peak activation at 30-45 minutes, while RhoA activation was reduced in samples obtained from animals in the light.
Rhabdom cross-sectional areas increase in size in the dark and diminish in the light (Torres et al. 1997) . This increase can be explained by either the addition of new microvilli or increase in size of microvilli already present. Addition or growth require membrane assembly and assembly of the actin core contained within each microvillus. The question is what factors initiate rhabdom growth. Our results are consistent with our hypothesis that in the light, RhoA is sequestered by a GDI (Guanine Nucleotide Dissociation Inhibitor) present in the photoreceptor cytoplasm (supernatant fraction), preventing Rho from associating with the rhabdom membranes.
We postulate that in the light, Rho is sequestered in the cytoplasm bound to a GDI of which three are known in mammals (Fukumoto et al. 1990 , Olofsson 1999 , Dovas and Couchman 2005 . We further postulate that rhodopsin inactivation in the dark leads to translocation of the GDI-Rho complex to the rhabdom membrane and release of Rho (Bokoch et al. 1994 , Boukharov and Cohen 1998 , Michaelson et al. 2001 . GDIs form complexes with the Rac/Rho proteins, which are translocated when cells are activated (Seabra 1998 , Kaibuchi et al. 1999 ). Moreover, GDIs are able to block GDP dissociation, inhibit protein phosphorylation, and increase the solubility of the Rac/Rho protein into the cytosol (Bokoch et al. 1994 ). Since we observed that Rho was mostly associated with the membrane fraction in the dark and that it is activated, we believe that Rho could then initiate a signaling pathway controlling acting filament assembly. Whether or not the signal to initiate the Rho signaling pathway comes from rhodopsin remains undetermined. More work is needed to better understand Rho signaling pathways governing cytoskeletal changes in the retina of Octopus bimaculoides and other species. 
